To understand the role of flagella of Stenotrophomonas maltophilia in lung infections, DBA/2N mice were challenged with aflagellate fliI − mutant and colonization, invasion and persistence, lung damage and inflammatory response compared, on days 1 and 3 post-exposure (p.e.), with that of the isogenic wild-type (wt). Following exposure to nebulized bacterial suspension, mice infected with wt and fliI − strains showed a comparable trend in body weight change, pulmonary persistence, lung damage and mortality rate over the study period considered. Interestingly, although on day 1 p.e. both strains colonized near all the spleens, on day 3 p.e. wt strain persisted in 40% of spleens, whereas fliI − mutant was completely cleared. No significant differences were found in MIP-2, IFN-γ and IL-6 pulmonary levels between groups over time, except for TNF-α whose levels on day 1 p.e. were significantly higher in mice infected with flagellated wt strain. Overall, our results indicate that in S. maltophilia flagella and motility might not represent virulence traits involved in the pathogenesis of lung infection. However, the evidence for a specific flagellar-induced TNF-α response warrants further study.
INTRODUCTION
Stenotrophomonas maltophilia is a Gram-negative bacterium with an environmental origin showing intrinsic resistance to various classes of antimicrobials (Brooke 2012) . Although it is considered a low-virulence pathogen, S. maltophilia can cause various infections in susceptible patients, especially in the lungs of people with cystic fibrosis (CF) where its prevalence is steadily increased in the last three decades (Brooke 2012; Rutter, Burgess and Burgess 2017) . Although Pseudomonas aeruginosa is currently the predominant pathogen in CF being responsible for most of the morbidity and mortality, acquisition of S. maltophilia in these patients was associated with accelerated lung function decline, whereas chronic infection caused increased hospitalization rates (Barsky et al. 2017) .
Like other bacterial pathogens, S. maltophilia has many virulence factors that may contribute to disease, including flagella (Di Bonaventura et al. 2007; Brooke 2012) . Stenotrophomonas maltophilia bacteria are in fact motile due to a variable number of polar flagella (40-50 nm in width) responsible for swimming motility (de Oliveira-Garcia et al. 2002; Di Bonaventura et al. 2007) . The major structural component of the flagellar filament is FliC, a 38 kDa protein that is highly homologous in its N-terminus to other bacterial flagellins such those of Escherichia coli, Proteus mirabilis, Shigella sonnei and Serratia marcescens (de OliveiraGarcia et al. 2002) .
The growth of the flagellar filament is apical and requires the self-assembly of flagellin transported from the cytoplasm through the central channel of the flagellum. The energy to keep the effective concentration of flagellin at the distal end of the export channel above the critical concentration for its polymerization comes from ATP hydrolysis by FliI, a putative flagellum-specific ATPase (461 aa), located at the cytoplasmic face of the flagellar basal body (Yonekura, Maki-Yonekura and Namba 2002) .
In addition to their role in motility, flagella are thought to contribute to in vivo bacterial virulence being involved in adherence to and invasion of epithelial cells, infection dissemination to other organs, formation and development of a biofilm and the induction of host inflammatory responses, as already shown in murine models (Duan et al. 2013) .
Although previous in vitro and ex vivo studies showed that S. maltophilia adhesion both to abiotic and biotic surfaces is mediated in part by flagella (de Oliveira-Garcia et al. 2002; Pompilio et al. 2010; Zgair and Chhibber 2011) , to date there have been no reports of their involvement in the pathogenesis using in vivo models.
The aim of the present study was to assess the role played by S. maltophilia flagella in the pathogenesis of lung infections. To this aim, DBA/2N mouse lungs were infected using a S. maltophilia flagella-deficient fliI − mutant generated from a strain isolated in a chronically colonized CF patient. We chose this murine model because it recently enabled us to investigate bacterial clearance, histological damage and inflammation in response to CF lung infection (Di Bonaventura et al. 2010) . Further, it uses an aerosol delivery technology to simulate more closely the airborne transmission naturally causing CF pulmonary infections (Wainwright et al. 2009 ).
METHODS

Ethics statement
The protocol was approved by the Animal Care Committee of 'G. d'Annunzio' University of Chieti-Pescara (Permit Number: 1989/09). This study was carried out at the Laboratory of Clinical Microbiology, University of Chieti-Pescara, according to the recommendations in the Guide for the Care and Use of Laboratory Animals of the National Institute of Health. Surgical procedures were performed under anesthesia and animals were humanely euthanized to minimize suffering when they showed clinical signs suggestive for moribund conditions (Toth 2000) .
Bacterial strains and growth conditions
Stenotrophomonas maltophilia Sm111 strain, isolated from the sputum collected from a CF patient admitted to the 'Bambino Gesù' Hospital of Rome, and the isogenic flagellar mutant fliI − strain were tested in this study. Stenotrophomonas maltophilia K279a reference strain was used for generating the flagellar mutant. Strains were kept at -80 • C in a cryogenic system (Microbank; Pro-Lab Diagnostics USA, Round Rock, TX, USA) until The inactivation of the fliI gene was obtained by using the gene replacement vector pEX18Tc, and confirmed by swimming motility assay. Colonies were inoculated at the surface of swimming agar (10 g/l tryptone, 5 g/l NaCl, 3 g/l agar), incubated overnight at 37
• C and observed for growth around the point of the stab as a sign of swimming motility. Compared to Sm111 wt strain (A), the relative fliI − mutant lacked motility as shown by the absence of growth around the point of the stab (B), thus confirming that fliI is necessary for swimming motility use, when they were grown overnight at 37
• C in Trypticase Soy broth (TSB; Oxoid, Garbagnate Milanese, Italy), then twice onto Mueller-Hinton agar (MHA; Oxoid) to check for purity and to restore the original phenotype.
Construction of S. maltophilia flagellar mutant
A chromosomal knockout fliI mutant of Sm111 strain was constructed according to Hoang et al. (1998) , with modifications. Starting from S. maltophilia K279a total DNA preparations, a 2509-bp fragment encompassing the entire open reading frame of the fliI gene was amplified by PCR using primers fliIFw (5 -GGGGGGATCCAAGTCCTTTCCGCCTTCGCT-3 ) and fliIRv (5 -GGGGGAAGCTTGACAACTTCAGCCGACCGCT-3 ). The amplified fragment was digested with BamHI/HindIII and cloned into the multicloning site of the gene replacement vector pEX18Tc to generate plasmid pEX18ap. A 971-bp chloramphenicol resistance cassette was PCR amplified from plasmid pACYC184 using primers catFw (5 -GGGGGGCTGCAGGCACCTCAAAAA CACCATCATACA-3 ) and catRV (5 -GGGGGGTCGACCAGGCGTTT AAGGGCACCAATA-3 ). A 1321-bp deletion within the internal coding region of fliI was generated following 971-bp fragment amplification, then cloning into pEX18Tap previously digested with PstI/SalI. The generated plasmid pPEX53ap was introduced into E. coli S17-1 and independently mobilized into S. maltophilia strain Sm111 via conjugation. Transconjugants were selected on Luria-Bertani (LB, Oxoid) agar supplemented with tetracycline (20 μg/ml), chloramphenicol (10 μg/ml) and kanamycin.
(10 μg/ml), then streaked on LB agar supplemented with 10% (wt/vol) sucrose. Sucrose-resistant colonies were plated onto LB agar supplemented with chloramphenicol to select for chloramphenicol resistant colonies where fliI inactivation was confirmed by PCR, Southern blot hybridization and swimming motility assays (Pompilio et al. 2011 ; Fig. 1 ).
Mice maintenance and breeding
Eight-week-old male (mean weight ± SD: 22.3 ± 1.4 g) specificpathogen-free DBA/2N inbred mice (Charles River Laboratories Italia; Calco, Italy) were housed, bred and maintained in polycarbonate HEPA-filtered cages with a 12-h light/dark cycle (10 mice/cage), with ad libitum access to sterile acidified water and irradiated diet.
Stenotrophomonas maltophilia inoculum standardization and mice infection
An overnight growth at 37
• C under agitation (130 rpm) in TSB (Oxoid) was washed twice in phosphate-buffered saline (PBS; Sigma-Aldrich Srl, Milan, Italy), then adjusted in cold 1% PBS to a cell density of 2-4 × 10 10 CFU/ml. In the morning, the standardized inoculum was nebulized (minimum flux: 5 L/min; operative pressure: 60 kPa) using a 'homemade' aerosol dispersal system we previously described to simulate an airborne lung infection (Di Bonaventura et al. 2010) . The challenge procedure consisted of nebulization (60 min), followed by cloud decay (5 min) and finally decontamination (UV-exposure for 5 min). Control mice were exposed to 1% PBS only. Ten mice were randomly allocated to each group (infected with Sm111 wild-type (wt) or fliI − , and not infected control mice) at each time point (days 1 and 3 post-exposure, p.e.).
Assessment of mice health conditions and macroscopic lung damage
Following infection, mice were monitored daily (in the morning) for weight and behavior, considering the animal unwell when a ≥10% weight loss or ill appearance (ruffled coats, huddled position, lack of retreat in handler's presence) was observed. At each time point, mice were anesthetized with intraperitoneal 2,2,2-tribromoethanol 10 mg/ml (Sigma-Aldrich), then sacrificed by exsanguination. The macroscopic pulmonary damage was assessed in situ according to the 'four-point scoring system' (Dubin and Kolls 2007) , then eight animals were randomly selected (mice were assigned to different experimental outcomes before they were infected) for bacterial pulmonary count and cytokines measurement, whereas the remaining two were assigned to histological analysis. At each time point, the spleen was also collected and homogenized for culture analysis to evaluate dissemination.
Homogenate for bacterial load and cytokines measurement
In each mouse, both lungs were pooled and homogenized (24 000 g/min, 15 s)-on ice in 2 ml of sterile saline containing protease inhibitors (cOmplete, EDTA-free; Roche Diagnostic SpA, Milan, Italy) and phenylmethanesulfonyl fluoride (Sigma-Aldrich)-using an Ultra Turrax T8 homogenizer (Ika-Werke GmbH & Co. KG, Germany). Homogenates underwent cell viable count onto MHA. The initial pulmonary bacterial deposition was also assessed in lung homogenates collected 1 h p.e.. The remaining lung homogenate was centrifuged (1500 × g, 4
• C, 10 min), and supernatants underwent to measurement of IFN-γ , MIP-2, IL-6 and TNF-α levels by ELISA system (R&D Systems Inc; Minneapolis, USA). Each spleen was homogenized in PBS, and then underwent a viable cell count.
Lung histology
Lungs were excised and fixed in 10% neutral buffered formalin (Bio-Optica S.p.A., Milan, Italy) at room temperature. Each lung was longitudinally sectioned, and 3 mm-thickness tissue sections were stained with hematoxylin-eosin. The degree of inflammation was assessed by evaluating 10 fields/lung both at low (10×), and high (63×) magnification. Histopathological evaluation was performed blindly with respect to the origin of the samples. . The horizontal dotted line shows a 10% weight loss, suggestive for illness. Weight changes observed in infected mice were always significantly different ( * * P < 0.01, * * * P < 0.001, 'N-1' chi-square test) compared to control mice.
Statistical analysis
All assays were carried out in triplicate and repeated on two different occasions.
For the in vivo infection assays, 10 mice per group are needed to detect a difference between groups with a 90% power and an α-error of 0.05, as from chi-square analysis. A total of 30 mice were tested (10 wt-infected mice + 10 fliI − -infected mice + 10 uninfected control mice). Statistical analysis was performed by GraphPad 6.0 software (GraphPad Software Inc., San Diego, CA, USA), considering as significant P values < 0.05. Gaussian distribution of values was tested by D'Agostino-Pearson omnibus normality test. Differences between groups were evaluated using analysis of variance (ANOVA)-test followed by Tukey's multiple comparison post-hoc test, whereas 'N-1' chi-squared test was used to measure differences between proportions.
RESULTS
Mice weight and health conditions
The changes in body weight of infected and control mice over time, expressed as percentages of the initial body weight, are shown in Fig. 2 . Mice infected with wt and fliI − strains showed a similar trend in body weight changes over the study period considered. On day 1 p.e. both infected groups lost 8.9% of the original weight. By day 2 p.e. a weight reduction of at least 10%, suggestive for illness, was observed in both mice infected with wt and fliI − strains (day 2: 85 ± 1.4%, and 82.9 ± 2.6%, respectively; day 3: 83.3 ± 3.2%, and 80.7 ± 4.0%, respectively). Over the study period monitored, the weight of infected mice was significantly (P < 0.01) lower than control mice that lost not more than 2.3% of their starting body weight. Contrarily to control mice, the infected ones showed signs of morbidity-as slow responsiveness and piloerection-over the study period, regardless of strains used.
Kinetics of pulmonary clearance and dissemination
Lung clearance results of S. maltophilia infection are summarized in Fig. 3(A) . The median initial deposition of S. maltophilia in both lungs was 1.8 × 10 8 CFU, as assessed by viable count 1 h p.e.. At each time point considered, no statistically significant differences were found in median values of pulmonary counts between mice infected with wt and those challenged with fliI − strain (p = 0.97 and 0.89, respectively for day 1 and 3 p.e.). Contrarily, a significant decrease in bacterial load was observed from day 1 to day 3 p.e. in the lungs of mice infected with wt strain (mean ± SD: 6.8 ± 4.8 × 10 5 vs 9.3 ± 12.6 × 10 3 CFU/lungs, respectively; P < 0.001), and in those challenged with fliI − strain (mean ± SD: 7.5 ± 1.3 × 10 5 vs 1.0 ± 1.6 × 10 5 CFU/lungs, respectively; P < 0.001). No S. maltophilia growth was observed at any time point in the lung homogenates from control mice.
To evaluate the invasiveness of S. maltophilia, we carried out microbiological analysis of spleen homogenates (Fig. 3B) . On day 1 p.e., S. maltophilia was isolated in comparable proportions from the spleen of mice exposed to wt and fliI − strains (8 out 8, 100%
vs 7 out of 8, 90%; respectively). However, on day 3 p.e. 3 out of 8 (40%) mice challenged with wt strain remained positive for S. maltophilia, whereas all mice infected by fliI − strain were negative (40% vs 0%; P < 0.05). The bacterial load found in the spleen was always extremely low (<10 CFU/spleen), both in wt and fliI − exposed mice. The spleen of control mice was always negative for S. maltophilia. (A) Macroscopic evaluation. Lung damage was assessed by using 'four-point scoring system' as follows: +1, normal; +2, swollen lungs, hyperemia and small atelectasis; +3, pleural adhesion, atelectasis and multiple small abscesses and +4, large abscesses, large atelectasis and hemorrhages (Dubin and Kolls 2007 
Survival monitoring
The survival of infected and control (not infected) DBA/2N mice was monitored over the study period. Mortality was observed only at day 3 p.e. when three mice died: one wt-infected mouse, and two fliI − -infected ones. A comparable survival rate was observed between wt-and fliI − -infected mice (survival proportion:
90 vs 80%, respectively). Mortality was not observed in control mice.
Macroscopic lung pathology
The lung damage was assessed in situ in DBA/2N mice by using the 'four-point scoring system' (Johansen et al. 1993) , and results are summarized in Fig. 4 . Throughout the study period, the median score index attributable to fliI − -infected mice was higher compared to that observed for mice infected with wt strain, although these differences were not statistically significant (day 1 p.e.: 3.0 vs 2.5; day 3 p.e.: 3.5 vs 2.5, for fliI − and wt-infected mice, respectively; Fig. 4A ). Particularly, on day 1 p.e. lungs showed comparable damage consisting of hyperemia, atelectasis, edema and consolidation, whereas on day 3 p.e., we observed numerous and large abscesses, large atelectasis and hemorrhage (Fig. 4B) . Over the study period, control mice always showed a median Lung sections were stained with hematoxylin-eosin and 10 fields/lung were observed at low (10×), and high (63×) magnification. For each group, only one representative microscopic field was reported. Since there were no significant differences in the degree of inflammation at any of the time point when evaluating the left and the right lung separately, the data were pooled and considered representative for both lungs. Mean percentage of tissue area characterized by the presence of neutrophilic infiltrate was higher in the lung of mice exposed to fliI − strain compared to those challenged with wild-type (wt) one (80% vs 60%;
score of 1 (normal lungs), significantly lower compared to exposed mice, regardless of strains considered (at least P < 0.01).
Lung histopathology
The lungs of both uninfected and infected mice underwent to histologic examination, and representative sections for each group are shown in Fig. 5 . A robust neutrophilic airway inflammation was constantly observed in the infected lungs, regardless of the presence of flagella. On day 3 p.e., the lungs of mice infected with fliI − strain showed a more prominent area of neutrophilic infiltration compared with the wt-infected mice, although not to a significant extent (80% vs 60%, respectively; P > 0.05). The pulmonary damage consisted of increased septal thickening, fibrosis, edema and the obliteration of nearly all alveolar spaces. The lungs of uninfected (control) mice showed no inflammation or a neutrophil infiltration significantly lower than that observed in infected mice (0%-10%, vs 80%, respectively; P < 0.001). Gross necroscopy of mice died on day 3 p.e. revealed a marked neutrophilic inflammation of about 90% of the alveolar compartment, regardless of strain considered.
Cytokine pulmonary levels
The levels of cytokines TNF-α, IFN-γ , IL-6 and MIP-2 found in the lungs of S. maltophilia-infected mice are resumed in Fig. 6 . At each time point considered, no significant differences were found between mice infected with wt strain and those challenged with fliI − strain (P-values, IFN-γ : 0.07 and 0.99; IL-6: 0.99 and 0.70; MIP-2: > 0.99; respectively for day 1 and 3 p.e.), except for TNF-α whose levels were significantly higher in wt-infected mice on day 1 p.e. (mean ± SD: 498.9 ± 92.3 vs 362.7 ± 40.9 pg/lungs, respectively, for wt and fliI − mice; P < 0.05). Pulmonary levels significantly (at least P < 0.05) decreased over time in wtinfected mice regardless of cytokine considered, whereas for all but IL-6 in fliI − -infected ones. No detectable cytokine levels were found in control mice.
DISCUSSION
Previous investigations aimed at evaluating the role of S. maltophilia flagella have utilized in vitro assays of virulence, showing that active flagella act as adhesins in bacterial binding to abiotic surfaces (de Oliveira-Garcia et al. 2002) , host mucosal surfaces , as well as to murine tracheal mucus (Zgair and Chhibber 2011) . Contrarily, the pathogenic role played by flagella in S. maltophilia has not yet been investigated in vivo.
In this paper, we have described the use of an aflagellated mutant of S. maltophilia to study the role of the flagella in colonization, persistence, invasion and immunostimulation in a murine model of lung infection. For this purpose, a mutant of S. maltophilia Sm111, a strain isolated from a CF patient, was generated following an insertional mutation in fliI, a gene highly conserved in S. maltophilia (Di Bonaventura 2007) , as well as in other bacterial species, where encodes for a substrate-specific ATPase (FliI) needed to provide energy for the active translocation of flagellar structural components (Yonekura, Maki-Yonekura and Namba 2002) . DBA-2N mice were then infected by exposure to an aerosolized standardized suspension of both wt strain and its isogenic aflagellate fliI − mutant.
Overall, our results showed an unaltered virulence of fliI − mutant in mice. Both wt-and fliI − -infected mice caused in fact comparable mortality, macroscopic lung damage and changes in both general health status and body weight over the study period considered. Similar findings were obtained in previous studies aimed at evaluating the contribution of flagella to the virulence of Salmonella enterica serovar typhimurium in BALB/c mice model of typhoid fever (Lockman and Curtiss 1990; Schmitt et al. 2001) . These findings, if on one side indicate the high degree of virulence of S. maltophilia for DBA/2N mice, on the other clearly suggest that motility might be irrelevant as a virulence factor in the pathogenesis of murine lung infection caused by this microorganism.
Although our findings present a critical test of the contribution of flagella to S. maltophilia virulence, they might however not be in contrast with previous studies indicating the motility as an important mechanism in the pathogenesis of pneumonia (Feldman et al. 1998) . The contribute of flagella to the progression of the infection is commonly considered as 'dynamic.' Although particularly important in the establishment of an infection, flagella are not always necessary during the later stages. Since they are highly immunostimulatory and involved as ligands in the nonopsonic phagocytosis (Chaban, Hughes and Beeby 2015), a decrease in the flagellar expression may allow bacteria to elude the host immune response. Confirming this, the loss of motility due to decreased expression of flagella has been shown to be among the main evolutionary changes observed in Pseudomonas aeruginosa during CF lung chronic infection (Luzar, Thomassen and Montie 1985; Mahenthiralingam, Campbell and Speert 1994; Feldman et al. 1998; Josenhans and Suerbaum 2002; Winstanley, O'Brien and Brockhurst 2016) . A similar mechanism of adaptation to the CF lung was observed for S. maltophilia. In fact, although we found that flagella are needed for S. maltophilia adhesion to and colonization of IB3-1 CF bronchial cell monolayers with biofilm formation , the loss of flagella may be advantageous to the bacteria in the context of a chronic infection. Accordingly, evaluating the genetic and phenotypic basis underlying S. maltophilia evolution in CF airways, we recently found that trends in motility decreased over time, depending on sequence type, motility type (swarming, swimming), and patient considered (Esposito et al. 2017) . The pulmonary epithelium is the first barrier against bacterial infection; consequently, the interaction between the bacteria and the superficial epithelial cellular structures represents a crucial phase in the colonization and in the subsequent beginning of the infection. In agreement with previous clinical (Landrum, Conger and Forgione 2005; Miyairi et al. 2005) and experimental (Di Bonaventura et al. 2007; Di Bonaventura et al. 2010) evidence, our findings confirmed the invasive potential of S. maltophilia, as shown by the splenic colonization following lung exposure. However, the minimal presence of the microorganism in the spleens of DBA/2N mice suggests a transient bacteraemia secondary to an efficient phagocytosis of those bacteria able to cross pulmonary epithelium (Waters et al. 2007) . The lack of type III secretion genes (Crossman et al. 2008) , already associated with highly invasive infections in P. aeruginosa (Hauser et al. 2002) , might partially explain the low invasive potential of S. maltophilia.
Our results showed that the aflagellate fliI mutant strain was found in the spleen, indicating dissemination of infection irrespective of flagellar expression, as previously seen in P. aeruginosa (Feldman et al. 1998) and B. cepacia (Urban et al. 2004) . However, it is worth noting that mutant defective for the elaboration of flagella was reduced in its capacity to persist in the spleen compared to the wt flagellate strain. Similar findings were reported by La Ragione, Sayers and Woodward (2000) using isogenic afimbriate and aflagellate mutants of Escherichia coli O78:K80 strain EC34195 to study the role of these organelles in colonization, invasion and persistence in a day-old chick model. This finding is worthy of further investigation since it suggests that flagella might play a critical role in S. maltophilia ability to cause severe diseases. Conflicting results were reported about the relationship between motility and invasiveness for S. typhimurium Weinstein et al. 1984) , P. aeruginosa and Burkholderia cepacia (Drake and Montie 1988; Feldman et al. 1998; Urban et al. 2004) , probably due to the different models used.
Stenotrophomonas maltophilia was cleared from DBA2/N mice lungs with comparable efficiency over time, regardless of the presence of flagella. Histologic examination indicated that bacterial clearance is associated with a rapid and intense alveolar inflammatory response, mainly mediated by neutrophils, the prevalent inflammatory cell type in the CF lung even in patients with minimal lung impairment (Konstan et al. 1994) .). However, in mice infected with fliI − strain, a slightly compromised polymorphonuclear (PMN) leukocyte infiltration in the lung was observed, as suggested by the higher mean percentage of tissue area characterized by the presence of neutrophilic infiltrate observed in the mice infected with the aflagellate mutant (80% vs 60%, respectively, for fliI − and wt strains). This finding might explain the lesser severity of the in situ lung damage we observed in mice infected with the flagellate wt strain, compared to those infected by the aflagellate mutant. DBA/2N mice are deficient in the complement factor 5 (C5; Wilson et al. 2007) , and therefore unable to recruit PMN leukocytes to the site of infection. The increased infiltrate of inflammatory leukocytes evidenced by histological examination suggests that the host might compensate the lack of the C5 factor by increasing the production of alternative and/or redundant chemoattractants for neutrophils. In CF lung disease, cytokines play a major role by promoting tissue damage and decreased pulmonary function, most profoundly through the recruitment of neutrophils. In this frame, our results showed that S. maltophilia is able to trigger an inflammatory response by the host, causing the release of the pro-inflammatory cytokines IFN-γ , MIP-2 and IL-6 regardless of the presence of flagella. IFN-γ , produced by T lymphocytes and natural killer (NK) cells, activates the bactericidal function by macrophages and NK cells, and together with IL-6 and MIP-2-a murine homologue of human IL-8-enhances PMN recruitment and phagocytosis, playing a role in the enhancement of inflammation in the CF lung (Liu and Djeu 1995; De Rose 2002; Ionescu et al. 2006) . Contrarily, a specific effect was observed in the case of TNF-α, whose expression was significantly decreased in mice lungs challenged with the aflagellate mutant. TNF-α expression is implicated in the inflammation and clearance of P. aeruginosa from the murine lung by upregulating adhesion molecules involved in PMN recruitment, such as ICAM-1 (Morissette et al. 1996) . Previous works have reported the ability of S. maltophilia to induce TNF-α expression in several mouse models of pneumonia (Di Bonaventura et al. 2010; Waters et al. 2007) , and by RAW murine macrophages (Waters et al. 2007 ). This TNF-α response has been associated with the high degree of lipid A heterogeneity detected in S. maltophilia (Miller, Ernst and Bader 2005) . In agreement with our findings, flagella also have been shown to be a very potent TNF-α inducer, both in vivo and in vitro, in other Gram-negative pathogens (Ciacci-Woolwine, Blomfield and Richardson 1998; Zeng et al. 2003; Cruz-Còrdova et al. 2012; Zgair 2012A) . It is, therefore, plausible to hypothesize that also in S. maltophilia the innate protective defenses by flagellin are triggered through its early recognition via toll-like receptor 5 involving both epithelial and alveolar macrophages, therefore, resulting in the initial recruitment of professional phagocytes to the airway and proinflammatory chemokine and cytokine expression (Oshikawa and Sugiyama 2003; Duan et al. 2013; Parker and Prince 2013) .
Overall, our findings indicate that in S. maltophilia flagella and motility might not be virulence traits involved in the pathogenesis of murine lung infection. However, this study for the first time is supportive for a flagellar-induced specific TNF-α response by S. maltophilia in mouse lungs that might be therapeutically exploited to prevent the development of respiratory tract infections. In this regard, Zgair and Chhibber (2012B) demonstrated that S. maltophilia flagellin intranasal instillation in BALB/c mice activates local innate immunity leading to increased resistance to respiratory tract infection caused by homologous as well as a heterologous bacterium and improved pulmonary bacterial clearance.
Further investigation is warranted to provide outstanding information to help investigate the contribution of the flagella to the S. maltophilia pathogenic and immunological processes: (i) the role of flagella in virulence might be model-and route of challenge-dependent, as already observed in other gramnegative pathogens (Lockman and Curtiss 1990; Schmitt et al. 2001; Winter et al. 2009 ); (ii) the apparent irrelevance of flagella in the pathogenesis of murine lung infection raises the question as to whether flagellin is expressed in vivo; (iii) to directly assess the role of motility in virulence, an isogenic mutant expressing non-functional paralyzed flagella would need to be constructed and tested; (iv) the flagella might contribute to trans-epithelial invasion and, consequently, confer an advantage to pathogenic bacteria by improving their dissemination and, finally, (v) conclusions arising from our data might be limited both by the small numbers of mice challenged and the low discrimination capacity, i.e. very low mortality rates, of the in vivo model used, therefore warranting further studies on larger populations using other animal models.
